Experimental Determination of the Subband Electron Effective Mass in InGaAs/InAlAs HEMT-structures by the Shubnikov – de Haas Effect at Two Temperatures  by Yuzeeva, N.A. et al.
 Physics Procedia  72 ( 2015 )  425 – 430 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)
doi: 10.1016/j.phpro.2015.09.087 
ScienceDirect
Conference of Physics of Nonequilibrium Atomic Systems and Composites, PNASC 2015, 18-20 
February 2015 and the Conference of Heterostructures for microwave, power and optoelectronics: 
physics, technology and devices (Heterostructures), 19 February 2015 
Experimental determination of the subband electron effective mass 
in InGaAs/InAlAs HEMT-structures by the Shubnikov – de Haas 
effect at two temperatures 
N.A. Yuzeevaa, G.B. Galieva,b, E.A. Klimova, L.N. Oveshnikovc, R.A. Lunind, 
V.A. Kulbachinskiib,c,d*  
aInstitute of Ultra High Frequency Semiconductor Electronics of Russian Academy of Sciences, Moscow 117105, Russia 
bMoscow Engineering Physics Institute (MEPhI), National Nuclear Research University, Moscow 115409, Russia 
cNational Research Center, Kurchatov Institute, Moscow 123182, Russia 
dM.V. Lomonosov Moscow State University, Moscow 119991, Russia  
Abstract 
The electron effective masses m* in different dimensionally quantized subbands in InGaAs/InAlAs HEMT-structures have been 
measured by the Shubnikov – de Haas effect at two temperatures whose ratio was not equal to 2. The electron effective masses 
were found separately for the every subband. It was realized by digital bandpass filtering of the Shubnikov – de Haas oscillation 
to monochromatic oscillations corresponding to subbands. We obtained the dependence of m* in every subband on InAs content 
in quantum well. 
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1. Introduction  
HEMT-structure is a basis for the high electron mobility transistor. The electron mobility μ is one of the main 
characteristics of a HEMT-structure, for example, see Mokerov et al. (2009), Vasil'evskii et al. (2010). Electron 
mobility depends on an electron scattering time τ and an electron effective mass m*: μ = eτ/m*. Hence the electron 
effective mass is one of the most important parameters of the HEMT-structure and it is important to determine m* 
both theoretically and experimentally. There are several experimental ways to obtain the electron effective mass. 
They are based on the magnetoluminescence Reynolds et al. (1994), the cyclotron resonance Chen et al. (1999), Kim 
et al. (2001), Shibata et al. (2002), Choo et al. (2003) and the Shubnikov – de Haas (SdH) effect data. Several 
possibilities exist to determine m* using SdH effect. The effective mass can be obtained from the dependence of the 
amplitude of the SdH oscillations on temperature in different magnetic fields with a slope proportional to m* 
Coleridge et al. (1996), Diaz-Paniagua et al. (1999). Another approach is the temperature dependence of the SdH 
oscillation amplitudes An(T) (n is an extremum number), namely the ratio An(T2)/An(T1). In this case the fitting of 
the experimental data is more complicated because this dependence is not linear de Lange et al. (1993), Akazaki et 
al. (1996), Kim et al. (1999), Çelik et al. (2011). These methods require measuring the SdH effect at several 
temperatures. It is possible to determine the effective mass by measuring the SdH effect at two temperatures whose 
ratio is equal to 2 (T1 = 2T2). In this case it is possible to get the analytical expression for the electron effective mass, 
for example, see Kulbachinskii et al. (2012), Kulbachinskii et al. (2015), Ponomarev et al. (2012) : 
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If two or more subbands are occupied digital filtering can be applied to separate oscillations to monochromatic 
oscillations Kulbachinskii et al. (2015), Tiras et al. (2001). The every monochromatic oscillation corresponds to the 
filled subband. 
In this article we present the results of SdH effect measured at two temperatures whose ratio was not equal to 2 in 
δ-doped InGaAs/InAlAs HEMT-structures on InP substrate with two filled subbands. We determined electron 
effective masses separately in each subband using the temperature dependence of SdH oscillation amplitudes and 
determined the effective masses dependence on the In content in the quantum well. 
2. Experimental procedure 
The HEMT-structures studied here were grown by molecular beam epitaxy on semi-insulating InP(Fe) 
substrates. They differed from each other by In content in the quantum well: lattice-matched 
In0.53Ga0.47As/In0.57Al0.43As and strained In0.61Ga0.39As/In0.52Al0.48As. A schematic structure of samples is shown in 
Fig. 1. The buffer is 370 nm In0.52Al0.48As (lattice matched to InP in strained HEMT-structure), followed by a 18 nm 
quantum well (with high In content in strained one), a 4.3 nm spacer, Si δ-doping (7.6∙1012 cm-2), a 14.5 nm 
InyAl1-yAs barrier, and a 5 nm cap layer. The calculated band diagram is in Fig. 1 too, E1 and E2 are filled subbands 
and <1, <2 are wave functions. The Fermi energy EF is a zero level. 
 
  
Fig. 1. Schematic diagram of samples and the calculated band diagram with two filled subbands E1 and E2. 
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Some electron transport parameters are listed in table 1. The SdH and the Hall effects measurements were carried 
out at two temperatures: 1.6 K and 4.2 K. Magnetic field up to 7 T was applied perpendicular to the plane of the 
HEMT-structures. 
Table 1. The SdH electron concentration NSdH, the Hall electron concentration NHall and mobility μHall at 4.2 K.  
sample x 
subband 
number 
NSdH, 1012 cm-2 NHall, 1012 cm-2 μHall, cm2/(V∙s) 
lattice-matched 0.53 
2 0.64 
2.95 29000 
1 2.28 
strained 0.61 
2 0.79 
3.58 35000 
1 2.74 
3. Results and discussion 
Fig. 2 shows SdH oscillations and their Fourier transforms at 1.6 and 4.2 K for the isomorphic HEMT-structure. 
The magnetoresistance oscillation amplitudes depend on temperature. At a magnetic field Bn the ratio of SdH 
amplitudes An(T2) and An(T1) at temperatures T2 and T1 is equal to  
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where i is a subband number. The electron effective mass m*i is a fitting parameter. The point is that there are two 
SdH oscillation frequencies (see Fig. 2) corresponding to two occupied subbands. To separate frequencies we 
subtracted the monotonous part of magnetoresistance from SdH oscillation and then applied digital bandpass 
filtering Kaiser et al. (1978) to separate monochromatic oscillations corresponding to each subband. Fig. 3 shows 
the monochromatic oscillation for high frequency and their Fourier transforms at 1.6 and 4.2 K. Fig. 4 represents the 
same for low frequency. Fitting of the ratio of oscillations amplitudes An(1.6 K)/An(4.2 K) on inverse magnetic field 
1/B is shown in Fig. 5. The extracted values of the electron effective mass are listed in Table 2 in comparison with 
m* determined from Vegard’s law Vurgaftman et al. (2001). 
 
Fig. 2. SdH oscillations at two temperatures and the Fourier transform of oscillations for In0.53Ga0.47As/In0.57Al0.43As HEMT-structure. 
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Fig. 3. The high frequency oscillation and its Fourier transform for In0.53Ga0.47As/In0.57Al0.43As HEMT-structure. 
  
Fig. 4. The low frequency oscillation and its Fourier transform for In0.53Ga0.47As/In0.57Al0.43As HEMT-structure. 
  
Fig. 5. Fitting the electron effective mass (solid line) for In0.61Ga0.39As/In0.52Al0.48As HEMT-structure separately for two subbands. 
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Table 2. Effective masses. 
sample x subband 
m*, m0 
experiment Vegard’s law 
2 0.53 
2 0.059 
0.043 
1 0.057 
3 0.61 
2 0.055 
0.040 
1 0.046 
 
As we see in table 2 the effective mass in the upper subband is higher due to nonparabolicity of the energy 
spectrum. The increasing of the In content in the quantum well decreases the value of the electron effective mass. 
4. Summary 
The electron effective masses were found experimentally separately for the every subband by digital filtering of 
the Shubnikov – de Haas oscillations at two temperatures to monochromatic oscillations corresponding to the every 
subband. We obtained that the electron effective mass m* decreases in the quantum well in the first and in the 
second subbands with increasing of the In content. Moreover in the upper subband the value of the effective mass is 
higher as compared with lower subband. The main reason for this is the nonparabolicity of the energy spectrum. 
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